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Abstract
This paper reports a relationship between P-wave to S-wave velocity ratio (Vp/Vs) and properties of rock at the reservoir of 
Nagaoka site. Seismic methods have been widely employed for site characterization and monitoring of CO2 behavior in the 
ground. In this method P-wave data are primarily used. However, S-wave velocity has independent properties from P-wave 
velocity, and it has been utilized to evaluate lithology of formations and gas saturation in the rocks. We investigated relationships 
between Vp/Vs and other rock properties before CO2 injection at Nagaoka geological storage site. The data analyses indicated 
that the Vp/Vs data could provide information that distinguishes shale volume and the degree of grain packing in rocks. The latter 
problem cannot be clarified by Vp data, therefore Vp/Vs data can be used in the detail characterization of the reservoir complex.
© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
Detailed site characterization is critical for successful geological storage of CO2. Geophysical exploration is 
thought to be the most important method for evaluation of the reservoir. Among the geophysical exploration 
methods, seismic survey is the most powerful tool in terms of the image resolution of the reservoir. Many seismic 
surveys have been conducted at geological storage sites in order to image the strata in the ground and to investigate 
the geophysical and petrophysical properties of the formations.
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In the seismic method, P-wave data are primarily used. It is well known that P-wave velocity (Vp) is sensitive to 
the fluid properties in rock pores, while S-wave is insensitive to fluid properties (e.g. [1]). S-wave velocity (Vs) 
contains independent information from that provided by Vp. Several methods have been proposed utilizing the 
information from Vs. Pickett [2] and Domenico [3] suggested Vp/Vs can be used for classifying lithologies of the 
formation. Brie [4] proposed a method to evaluate gas saturation in the unconsolidated shaly sand sequences from 
the crossplot between Vp/Vs and P-wave slowness. Kitamura [5] proposed that CO2 saturation can be  evaluated 
more accurately when Vs data is available.
In this paper we focus on advantages of utilizing the Vs data in site characterization process. In this process, 
porosity, permeability and grain size distribution are the most important petrophysical properties. We examine log 
data at Nagaoka site in Japan as a case study, and investigate the relationship between Vp/Vs and other rock 
properties in order to build a better geological and petrophysical model of the reservoir.
2. Overview of Nagaoka CO2 injection site and results of open-hole logging
In this section we briefly introduce overview of Nagaoak CO2 injection project. Nagaoka is the first pilot-scale 
CO2 injection site in Japan, and the site is an deep saline aquifer in onshore area. The formation called Ic layer was 
selected as the primal target reservoir. This formation consists of marine strata of Pliocene age, and situated 1100 m 
depth with 60 m thickness [6]. The overlaying mudstone forms a regional seal with the thickness of 150 m.
At Nagaoka site open-hole loggings were conducted at one injection well (IW-1) and three observation wells. 
The logging programs were density, sonic, neutron, NMR (Combinable Magnetic Resonance tool) and Fullnore 
Formation Microimager (FMI) loggings. For the sonic logging, Dipole Sonic Imager (DSI) tool was used. This tool 
transmits 12.5 kHz and 1 kHz signals from monopole and dipole modes, respectively. NMR logging was used to 
evaluate porosity and permeability of the formation. The porosity obtained by NMR logging was calibrated by 
drilled core samples. The permeability was calculated from Timur-Coates equation, and was calibrated by 
comparing the results of MDT logging data. In this reports we used the effective porosity as the results of porosity 
logging.
Fig. 1. Open-hole logging results at IW-1. From the right, density, velocity, Vp/Vs, acoustic impedance, porosity (CMR and nutron), shale 
volume, permeability calculated by Timur-Coates equation and FMI images.
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Fig. 2. Crossplots between density and neutron porosity
From the logging data and depositional interpretation of the reservoir, the target layer (Ic layer) was divided into 
five intervals. Among them Zone-2 was thought to be promising for CO2 injection since this interval has higher 
permeability compared to other intervals. Zone-2 consists of sandstone and siltstone alternation with granule 
conglomerate. The overlaying Zone-1 was a strongly cemented layer with low permeability, and the underlying 
Zone-3 was a silty layer with relatively low permeability. At the injection well, CO2 was injected into only Zone-2, 
and the total  amount of injected CO2 was 10,400 tonnes. During and after the CO2 injection, cross-well tomography 
surveys were conducted, and the results indicated that CO2 exists in Zone-3 at around the injection well. Thus we 
analyzed the logging data at Zone-2 and Zone-3.
Fig. 1 shows the open-hole logging results of IW-1. In the 6th chart of Fig. 1 the shale volume was shown. To 
evaluate the shale volume, several methods have been proposed. Besides the shale volume, the distribution of shale 
in formation also plays a major role in the properties of rocks. Poupon [7] introduced three different types of shale 
distribution: laminated, structural and dispersed, and demonstrated that the relationship between density and neutron 
porosity depends on the distribution types. Fig. 2 illustrates crossplot of density-neutron porosity at IW-1. This 
figure indicates that the shale distribution in the reservoir is closer to structural than laminated.
3. Logging data analysis
In this section we analyze the open-hole logging data to investigate Vp/Vs relationships between rock properties. 
The data from the injection well are mainly reported. Each data was colored by the shale volume (Fig. 2).
Fig. 3 shows the crossplots of Vp-density, Vp-porosity, and porosity-permeability. The right panels illustrate the 
relation in Zone-2, and the left panes represents those in Zone-3. From these figures, there are clear differences
between Zone-2 and Zone-3 data. Shale volume of the formation controls the data distribution in Zone-3, but the 
shale effect is not clear in Zone-2. The crossplot of porosity-permeability indicates that the distribution trend could 
be well explained by Kozney-Carman equation (k҃In; solid lines in the lower panes in Fig. 3; e.g. [1]). However, 
the permeability in Zone-2 was larger with the same porosity value compared to that in Zone-3. This difference 
suggests that the grains of rocks in Zone-2 are more sorted and coarser than that in Zone-3 ([8], [9]).
Fig. 4 shows crossplots of Vp/Vs-density, Vp/Vs-porosity, and Vp/Vs-permeability. There are clear differences 
between Zone-2 and Zone-3 distribution. The distribution in Zone-3 is more cemented with respect to Vp/Vs thanVp. 
The trends caused by shale replacements with sand are clear in the plots for Zone-3. Meanwhile, the data in Zone-2
have wide ranges in Vp/Vs. The crossplot of Vp/Vs-porosity could be categorized into two groups: one with almost 
constant Vp/Vs but varying porosity, and the other with scattered Vp/Vs but almost constant porosity. The similar 
categorization is recognized in the crossplot of Vp-porosity at Zone-2. The most peculiar distribution can be seen in 
the crossplot of Vp/Vs-permeability. Two different permeability trends exist in two different Vp/Vs range at around 
Vp/Vs>2.2 and Vp/Vs~2. This suggests different mechanisms for each changes.
In Fig. 5 we represent the data related to seismic survey; the corssplots of Vp/Vs-acoustic impedance (AI), 
porosity-AI, and AI-permeability. There are clear differences between Zone-2 and Zone-3 data as well as the 
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previous two figures. The categorization can also be seen in the Vp/Vs data in Zone-2. From these figures, there is a 
tendency that AI becomes larger when shale volume is large. This suggests that the smaller grains fill the pore 
between larger grains of sandstone. Vp/Vs is not directly related to AI. Therefore Vp/Vs value could provide more 
information of the formation compared to the results of ordinary seismic surveys.
Fig. 3. Crossplots of Vp-density, porosity-Vp and porosity-permeability in Zone-2 (left) and Zone-3 (right) of IW-1.
4. Discussion
The data analysis at Nagaoka site shows that the data has peculiar distribution when we examine the relationship 
between Vp/Vs and other properties of the rock. In this section we focus on the relationship in Zone-2 data, since 
CO2 was injected in Zone-3 and Zone-3 data had rather simple relationship related to the shale volume of the 
formation.
First, we plotted the data in smaller range of depth in order to interpret the categorization in Zone-2. Fig. 6 shows 
the results of crossplots of Vp/Vs-density, Vp/Vs-porosity, and Vp/Vs-permeability in the intervals of 1093.9-
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1098.7 mMD (A), 1098.8-1100.9 mMD (B), and 1101.1-1104.3 mMD (C) of IW-1. From these figures, the 
categorization occurred at the smaller intervals. In the interval A and C, Vp/Vs does not vary so much but other 
properties changed. From the analogy of the distribution in Zone-3, this would be caused by the replacement of 
shale with sandy grains. Meanwhile Vp/Vs changes from 2.0 to 2.3 in the interval B. Rock with larger Vp/Vs would 
be shale [4] or weakly consolidated rocks [10]. The Nagaoka data in the interval B indicates that the sahle volume 
did not varied so much; therefore the distribution in the interval B would represent differences of packing of grains 
or difference of degree of cementation. Similar results was reported by Nishizawa & Zhang [10], who examined 
permeability of highly sorted and poorly sorted sandstone under different effective pressure. They reported that the 
highly sorted but poorly cemented sandstone showed only small changes in permeability but large changes in Vp/Vs 
when the effective pressure was changed.
Fig. 4. Crossplots of Vp/Vs-density, porosity-Vp/Vs and Vp/Vs-permeability in Zone-2 (left) and Zone-3 (right) of IW-1.
Next, we compared these intervals with FMI logging results (Fig. 1). The result of FMI logging indicates that 
interval A is conglomeratic zone, the interval B bas relatively uniform sand layer, and the interval C has thin mud 
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layers. This is consistent with the results of Fig. 6. The sonic logging is the average between certain length (typically 
1 feet), whereas the CMR logging can measure the properties in the smaller area. Therefore, Vp/Vs data in the 
interval A and C were thought to be almost constant, but other properties mainly obtained from NMR logging 
changed widely. Meanwhile Vp/Vs varied in accordance with the degree of packing, but other properties remains 
constant in the sandstone layer. It should be noted that large Vp/Vs area is in the upper layer of interval B, which 
would be related to the depositional process.
Fig. 5. Crossplots of Vp/Vs-AI, AI-porosity and AI-permeability in Zone-2 (left) and Zone-3 (right) of IW-1.
Finally, we compare the logging results from the other well. Fig. 7 shows Vp/Vs-density, Vp-Vs-porosity and 
Vp/Vs-permeability of an observation well (OB-4; located up-dip direction and 60 m away from the injection well at 
the reservoir depth). The left panels show the crossplot colored by shale volue, the center panels are the data in the 
intervals of 1084.0-1088.6 mMD (D), and the right panels represents the data in the intervals of 1088.7-1092.0 
mMD (E) of OB-4. The distribution was categorized into two groups. Density, porosity and permeability varied in 
the interval D, and the changes of these properties are related to the shale volume. In the interval E, Vp/Vs were 
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changed even if other properties and shale volume remained almost constant. The interval D/E of OB-4 would 
corresponds to the interval A/B of IW-1. The interval C of IW-1 might be exterminated at OB-4, since the thickness 
of Zone-2 becomes smaller at OB-4. This difference represents the heterogeneity of the reservoir. The value of 
Vp/Vs was also different at IW-1 from OB-4. By the comparison of the data from all well, there is a tendency that 
Vp/Vs data was relatively high at the well where the CO2 breakthrough was delayed later than the prediction before 
the CO2 injection. Ito [10] also pointed out that lateral CO2 distribution at the reservoir of Nagaoka site is related to 
the mud contents and the grain sorting. Although there are heterogeneities in the reservoir, Vp/Vs data would reveal 
the difference of depositional process by the data distribution in the crossplots.
Fig. 6. Crossplots of properties at the interval A (left), B (center), and C (right) of IW-1. Thick lines show data in the interval.
5. Summary
We analyzed the open-hole logging data at Nagaoka CO2 injection site in Japan. The results of the analyses show 
that the relationship between rock properties can be represented more clearly if we use Vp/Vs. We can also see that 
data distribution in crossplot was categoraized into two trends, which related to the shale volume and degree of 
packing/cementation. These categorizations appeared within the thickness of 10 m. These results showed that Vp/Vs 
have advantage in the lithological evaluation for shaly sandstone.
In the reservoir modeling, porosity and permeability are the most important petrophysical parameters. The 
relationship between porosity and permeability can be well explained by Kozney-Carman equation. This suggests 
that the relationship between porosity and permeability can be determined without Vp/Vs information. Even the 
relationship between porosity and permeability is modeled very well, degree of packing might cause differences in 
capillary pressure. Capillary pressure is also one of the parameters for the reservoir simulations. Since Vp/Vs data
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can be derived from not only sonic loggings but also 3D seismic explorations, the information of Vp/Vs could be 
utilized for the characterization of the heterogeneous reservoir.
Fig. 7. Crossplots of properties in Zone-2 (left) and relationship at the interval D (center) and E (right) of OB-4 (See Fig. 6).
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